Atrichia and sparse hair phenotype cause distress to many patients. Ectodermal dysplasia-9 (ED-9) is a congenital condition characterized by hypotrichosis and nail dystrophy without other disorders, and Hoxc13 is a pathogenic gene for ED-9. However, mice carrying Hoxc13 mutation present several other serious disorders, such as skeletal defects, progressive weight loss and low viability. Mouse models cannot faithfully mimic human ED-9. In this study, we generated an ED-9 pig model via Hoxc13 gene knockout through single-stranded oligonucleotides (c.396C > A) combined with CRISPR/Cas9 and somatic cell nuclear transfer. Eight cloned piglets with three types of biallelic mutations (five piglets with Hoxc13 ) were obtained. Hoxc13 was not expressed in pigs with all three mutation types, and the expression levels of Hoxc13-regulated genes, namely, Foxn1, Krt85 and Krt35, were decreased. The hair follicles displayed various abnormal phenotypes, such as reduced number of follicles and disarrayed hair follicle cable without normal hair all over the body. By contrast, the skin structure, skeleton phenotype, body weight gain and growth of Hoxc13 knockout pigs were apparently normal. The phenotypes of Hoxc13 mutation in pigs were similar to those in ED-9 patients. Therefore, Hoxc13 knockout pigs could be utilized as a model for ED-9 pathogenesis and as a hairless model for hair regeneration research. Moreover, the hairless pigs without other major abnormal phenotypes generated in this study could be effective models for other dermatological research because of the similarity between pig and human skins. † These three authors contributed equally to this work.
Introduction
Atrichia and sparse hair acquired either congenitally or induced by other factors cause distress to patients. Among these diseases, ectodermal dysplasia-9 (ED-9) is a genetic disorder characterized by hypotrichosis and nail dystrophy but without disorders in other ectodermal and non-ectodermal tissues (1, 2) .
Mutations in the Hoxc13 gene on chromosome 12q have been discovered as a pathogenic factor for autosomal-recessive ED-9 (1, (3) (4) (5) . Hoxc13 is a member of the homeobox (Hox) gene family evolutionarily conserved and implicated in regulating morphogenesis during embryonic development (6) . This gene contains 330 amino acids, and its C-terminal covering amino acids 260 to 319 contains a DNA-binding homeodomain, which can bind to various hair keratin genes and forkhead box N1 (Foxn1) to regulate the transcriptional activity in hair follicles and nails (3) . Several types of mutations in Hoxc13, including homozygous frame shift mutation (c.355delC), 4 bp homozygous duplication (c.200-203dupGCCA), 27.6 kb deletion and nonsense mutations (c.390C > A or c.404C > A), have been discovered (1, (3) (4) (5) . Patients carrying homozygous nonsense mutations (c.390C > A or c.404C > A), frame shift mutation (c.355delC), and 27.6 kb deletion manifest complete alopecia and absence of hair in other body parts (1, (3) (4) (5) . Patients with 4 bp homozygous duplication (c.200-203dupGCCA) have sparse hair on their scalp and other body parts (3) . Apart from hair loss and nail defect, no other abnormality exists in ED-9 patients. They have normal sweat and sebaceous glands. Mental retardation and skeletal defect are not involved, and the general body growth of these patients is within normal range. Thus, animal models replicate human ED-9 can be used not only for ED-9 pathogenesis and hair regeneration research, but also as an effective hairless model for other dermatological research such as percutaneous drug penetration, cosmetics testing, wound healing, sunburn, photoaging, skin carcinogenesis and so on (7) .
In 1998, Godwin et al. generated Hoxc13 knockout (Hoxc13 À/À ) mice by destroying the DNA-binding homeodomain of Hoxc13 to verify the roles of Hoxc13 in development and generate an ED-9 animal model (6) . In addition to the absence of hair and malformed nails, skeletal defects, progressive weight loss and weakness relative to littermates were observed in the Hoxc13 À/À mice.
Most of these mice died 7-14 days after birth, and their viability was only 10%. Hoxc13 apparently have extensive functions in mouse than in human, and Hoxc13 mutation in mouse has failed to faithfully duplicate human ED-9. Rodent models are generally used to clarify gene function and investigate the molecular basis and pathology of human disease. However, recent studies have reported that mouse models cannot completely replicate the phenotypes of human disease because of differences between mouse and human in various aspects such as physiological traits and gene expression (8, 9) . The skin of rodents is loosely connected to the subcutaneous connective tissue, significantly different from that of human (10) . Additionally, biomedicine has developed to the stage of translational medicine. The short lifespan and small body size of mouse prevents long-term study of safety and efficiency, necessitating the use of large animal models.
Pigs are considered better animal models than mice in simulating some human diseases because of the higher similarity between pigs and human (8) . And the general structures of pig and human skins are remarkably similar in terms of skin layer thickness, dermal-epidermal interface, extracellular matrix, hair follicle content, pigmentation and blood supply in the dermis (11, 12) . In this study, we generated a Hoxc13 knockout pig model by replicating the point mutation (c.390C > A) of human Hoxc13 in pigs using single-stranded oligonucleotides (ssODNs) combined with CRISPR/Cas9 and somatic cell nuclear transfer (SCNT). The phenotype induced by Hoxc13 mutation in human and mouse was identified in the pig model. Pig model replicating human ED-9 could be utilized for pathogenesis research and as an effective hairless model for hair regeneration study and other dermatological research.
Results

Design of CRISPR/Cas9 system and ssODNs
Compared with the coding sequence of human Hoxc13, that of pig Hoxc13 contain 6 nt inserted after the 75th site G. Thus, the homologous site of human nonsense mutation (c.390C > A) in pig is c.396C > A (Fig. 1A) . We designed sgRNA and ssODNs with 89 nt containing c.396C > A as homology-directed repair (HDR) donor to introduce the nonsense mutation (c.396C > A) into pig Hoxc13 gene (Fig. 1B) . Four similar sense mutations were introduced in the ssODNs to avoid retargeting (Fig. 1B) .
Nonsense mutation in porcine fetal fibroblast (PFF) cells
Cas9 and Hoxc13-sgRNA-expressing vectors and ssODNs were co-transfected into PFFs derived from 35-day-old male and female fetuses through electroporation. After selection using G418 for 8-9 days, 203 cell clones were selected, and 171 cell clones were expanded. A total of 137 cell clones (80.12%) were targeted in the Hoxc13 gene, C > A substitution at 396 locus (c.396C > A) occurred in 32 cell clones (18.71%), and 14 cell clones (8.91%) were modified with the biallelic mutation c.396C > A (Hoxc13 Table 1 ). Figure 1C shows the genotype of Hoxc13 gene carrying precise biallelic point mutations.
Generation of Hoxc13 knockout piglets via SCNT
Four Hoxc13 c.396C > A cell clones (48#, 73#, 113# and 155#) were chosen as donors for SCNT, and cloned embryos from these four cell clones were transferred into 10 surrogates. Four surrogates became pregnant as detected by ultrasonography 24-26 days after embryo transfer, and two (A242 and A243) developed to term. The surrogate mother A242 gave birth to two male piglets cloned from 48# and 113# ( Fig. 2A) . The surrogate mother A243 gave birth to six piglets (five males and one female) cloned from 73# and 155# (Fig. 2B) . The genotyping results indicated that all eight cloned piglets were homozygous for mutated Hoxc13 gene. Figure 2C shows that five of these piglets were modified with the biallelic mutation c.396C > A (Hoxc13 ). The two mutation patterns of Hoxc13 in the three piglets were not detected in the donor cell lines. Western blot analysis showed that Hoxc13 protein was not expressed in all eight cloned piglets (Fig. 2D ).
Hoxc13-related phenotypes of Hoxc13 knockout pigs
In the eight cloned piglets, external hair was missing in the Hoxc13 c.396C > A/c.396C > A piglets and in the three other piglets carrying different biallelic modification patterns ( Fig. 2A ,B,E). Close examination using confocal laser scanning microscopy (CLSM) showed short vellus on the skin of the Hoxc13 knockout piglets (Fig. 3A) . The number of hair follicles decreased, and abnormal hair follicle structure was observed in the Hoxc13 knockout piglets. Moreover, the hair follicle cables of these piglets were irregularly arrayed as shown by CLSM results (Fig. 3A) . Defective development and reduced the number of hair follicles in the hairless pigs were further confirmed by histopathological examination. Figure 3B shows that the hair follicles of Hoxc13 knockout piglets were arrayed irregularly. Additionally, some of the hair follicles grew kinky or sideward in the dermis, inhibiting the growth of the hair shaft out from the skin. No abnormality was found in the dermis and epidermis of the hairless piglets. Immunohistochemical results of the skin revealed that Hoxc13 was not expressed in the hair follicles (Fig. 3C ). Figure 3D shows that the filiform papillae in the tunica mucosa linguae were disrupted in the Hoxc13 knockout piglets, and that the tunica mucosa linguae fused. No apparent change in the muscular layer of the tongue was observed. In addition, the nails of the piglets were slightly malformed (Fig. 2E) .
Growth, fertility and skeletal phenotype of the Hoxc13 knockout pigs
Among the eight Hoxc13 knockout pigs generated, four died of accident, three of which were crushed to death by their mother on day 2-5 after birth, and one piglet died of anaesthesia overdose during sample collection. Another piglet died one month after birth caused by unknown reasons. Three piglets (female 243-4#, male 243-5# and male 243-6#) survived. The weight of the hairless piglets at birth ranged from 0.43 kg to 0.95 kg, consistent with that of wild-type cloned piglets. Figure 4A shows that the body weight of Hoxc13 knockout piglets measured within two months after birth was normal compared with those of the age-matched wild-type piglets. The remaining three Hoxc13 knockout piglets grew up to more than one year. Figure  4B shows that the adult pigs remained hairless, and their physique was similar to that of the wild-type pigs. Hoxc13 knockout pigs were apparently fertile, because 243-4# gave birth to two piglets (Fig. 4C ) when mated with a wild-type male pig. These piglets separately show the genotype of Hoxc13 c.396C > A þ 1/wt and Hoxc13 c.396C > A/wt (Fig. 4D ). The phenotypes of the two heterozygotes carrying either Hoxc13 mutant allele were indistinguishable from those of wild-type piglets (Fig. 4C) . The skeleton of Hoxc13 knockout pigs was examined under X-ray (Fig. 4E) . The number, morphology, and density of bones of the appendicular and axial skeleton in Hoxc13 knockout pigs were normal compared with their wild-type counterparts. No abnormality was found in the physiological curve of the axial skeleton.
Hoxc13-related gene expression and off-target analysis of Hoxc13 knockout pigs
The mRNA levels of keratin-associated transcription factors, namely, Foxn1, Krt85 and Krt35, were all reduced in the skin tissue of Hoxc13 knockout pigs compared with those of wild-type pigs (Fig. 5A) . We screened the pig genome and predicted three potential off-target sites (OTSs) to clarify off-target concerns caused by the undesired cleavage of CRISPR/Cas9 system (Fig. 5B) . Genomic DNA from Hoxc13 knockout pigs and wild-type PFF were used to amplify the potential OTS by PCR, and then the PCR products were sequenced. No off-targets were observed at the three potential OTSs in all eight Hoxc13 knockout pigs.
Discussion
New highly efficient gene targeting technology, such as TALEN and CRISPR/Cas9, facilitates the precise gene modification in identified. Cloned pigs with unexpected mutation patterns were usually produced from colonies mixed with cells carrying mutation patterns that have not yet been determined during genotype analysis of selected cells, which we also previously reported (16) . Although different mutation patterns exist, those mutation patterns induced uniform phenotypes. The eight piglets were all born hairless, similar to humans with homozygous nonsense mutations, and deletion mutation showed complete alopecia (1, 3, 5) . Hoxc13 c.396C > A/c.396C > A and Hoxc13 c.396C > A/c.396C > A þ 1 mutations introduced the termination codon TAA at the 394 site of the Hoxc13 gene, whereas frameshift mutation Hoxc13 D40/D40 created the termination codon TGA at the 419 site. The mRNA expression of Hoxc13 in hairless pigs was considerably downregulated because of the nonsense-mediated mRNA decay similar to that in humans carrying nonsense mutations (c.390C > A) (5) . The remaining mRNA could only encode a truncated protein that lacks the functional C-terminal homeodomain. Moreover, no Hoxc13 protein could be detected using the antibody of the C-terminus. Expression of Hoxc13-regulated downstream genes, namely, Foxn1, Krt85 and Krt35, which are essential for hair differentiation, were all downregulated when Hoxc13 was knocked out, consistent with the observation in patients carrying Hoxc13 mutation (c.390C > A) (5) .
Abnormal morphology, reduced number of hair follicles and disorganized array of hair follicles were observed in Hoxc13 knockout pigs, and some hair follicles grew kinky or sideward in the dermis. Although some hair shafts grew from the epidermis, these shafts could not develop into normal hair because of the defective development of hair follicles. Sparse vellus formed all over the body instead. The occurrence of sparse vellus is a unique phenotype compared with the phenotype of human patients and mouse models carrying the same Hoxc13 mutation. No hair protruded in the entire skin of human patients and in most part of mouse skin, and hairs can occasionally protrude only in the protected regions of the mouse body (3, 5, 6) . Except for the hair follicle, no apparent defects were found in the skin of Hoxc13 knockout pigs. In mouse, the knockout of Hoxc13 also affected the filiform papillae of the tongue (6). Similar to that in mouse, filiform papillae of Hoxc13 knockout pigs were fused together on the tunica mucosa of linguae, but this condition did not affect food intake. Defect in the filiform papillae in human with Hoxc13 mutation has not been reported probably because of the limited materials available. Similar to humans and mice, development of nails in pigs was affected by Hoxc13 mutation, although with a lower degree than in mouse and human (1, 3, 5, 6) .
Among the eight Hoxc13 knockout piglets generated, four died of accident and only one piglet died one month after birth caused by unknown reasons. Three piglets remained alive. The viability rate of Hoxc13 knockout pigs (3/4, 75%) was much higher than that of mice (10.0%). In addition, the Hoxc13 knockout pigs were generated through SCNT, and high perinatal and ablactational death rates were observed in all cloned animals (17) . The viability rate of the Hoxc13 piglets was similar to those of other pig models generated through SCNT (16, 18) . However, the Hoxc13 homozygous knockout mice were generated from the offspring of heterozygote intercross. Thus, high homozygote lethality was considered to be caused by Hoxc13 mutation itself, whereas the death of Hoxc13 knockout piglets was speculated to be caused by SCNT. In addition, Hoxc13 knockout in mouse affected the body weight gain within two weeks after birth. The skeletal phenotypes, such as an increase in the number of caudal vertebrae with lateral processes, which were absent in human with Hoxc13 deficiency, were also affected (6) . No weight loss and skeletal abnormalities were found in our Hoxc13 knockout hairless pigs. The three Hoxc13 knockout pigs grew to adulthood, and one of these pigs gave birth to two heterozygotes. This phenomenon indicated that the nullification of the Hoxc13 gene in pigs did not affect fertility, which is important in expanding the population of Hoxc13 knockout pigs for use as a research model.
Off-target is another concern when CRISPR/Cas9 is used in genome editing. Results from the off-targeting analysis revealed that no mutations existed in the potential OTS in all eight Hoxc13 knockout piglets, consistent with other reports showing the absence of off-targeting mutations in CRISPR/Cas9-modified pigs (15, 16) . Thus, the symptoms of Hoxc13 knockout pigs were all attributed to Hoxc13 mutation.
In summary, we successfully generated a Hoxc13 gene knockout pig model through CRISPR/Cas9 and SCNT. Apart from the hairless and nail dystrophy, no major abnormal phenotypes were discovered in the Hoxc13 knockout pig model. The function of Hoxc13 in pigs was similar to that in humans, and Hoxc13 knockout pig replicated human ED-9 more faithfully than mouse. Therefore, Hoxc13 knockout pigs could be utilized as an ED-9 model for pathogenesis and hair regeneration research. Moreover, Hoxc13 knockout pigs could also be used as ideal hairless models for other dermatological research because of the similarity between human and porcine skin.
Materials and Methods
Animals
The use of animal in this work conformed to the guidelines of Institutional Animal Care and Use Committee of Guangzhou Institute of Biomedicine and Health, Chinese Academy of Sciences (Animal Welfare Assurance #N2015046). All surgical procedures were performed under anaesthesia, and all efforts were made to minimize animal suffering.
Design and construction of CRISPR/Cas9and ssODNs
CMV promoter-driven humanized Cas9 (41815) plasmid and gRNA-GFP-T1 (41819) plasmid were purchased from Addgene. U6-sgRNA cloning vector was constructed from gRNA-GFP-T1 (41819) plasmid as previously reported (16) and confirmed by sequence analysis (BGI, Guangzhou, China). ssODNs were synthesized by GENEWIZ (Suzhou, China) and diluted with RNase-free water before use.
PFF cell culture, transfection and selection PFF cells were isolated from 35-day-old male and female fetuses of Bama mini-pig as previously reported (19) . Approximately 1 Â 10 6 PFF cells were electroporated with 10 lg of Cas9 vector, 4 lg of Hoxc13-sgRNA vector, and 5 ll of ssODNs by using a Neon transfection system (Life Technology) at 1350 V, 30 ms, and 1 pulse in 100 ll system. The PFF cells were subsequently selected using G418 (800 lg/ml), and individual colonies were detected by sequencing the PCR products covering the target locus. The forward primer and the reverse primer were 5 0 ACTGCCGCGACCTACTTC3 0 and 5 0 CTGACTGTCCCAGCCGTT3 0 , respectively. The PCR conditions were as follows: 98 C for 3 min; 35 cycles of 98 C for 10 s, 60 C for 20 s, 72 C for 10 s, then followed by an extension at 72 C for 5 min, and held at 12 C.
The genotype of the cloned piglets was analysed using the same method described here.
Generation of cloned piglets through SCNT
The methods used in SCNT were described in our previous studies (20, 21) . Briefly, oocytes that matured in vitro were enucleated, donor cells were injected into the perivitelline space, and then the oocyte-donor cell pairs were fused and activated. After culturing for 20h, the cloned embryos were surgically transferred into the oviducts of the surrogates. The cloned piglets were delivered by natural birth after approximately 114 days of pregnancy.
RNA extraction and qRT-PCR
Total RNA was isolated from skin tissue by using a Total RNA Kit II (Omega). cDNA was synthesized from 2 lg of total RNA by using SuperScripTM III Reverse Transcriptase (Invitrogen) in a 25 ll reaction volume according to the manufacturer's protocol. Real-time PCR was performed using SYBR Green PCR Master Mix (TaKaRa Biotechnology) in a Bio-Rad CFX96 (Bio-Rad) in 20 ll reaction volume using the following protocol: 95 C for 20 s; Table S1 shows the primers used to amplify Hoxc13, Krt 35, Krt85 and GAPDH in qRT-PCR.
Western blot analysis
The total proteins in skin tissues were separated via SDS-PAGE and then electroblotted onto a polyvinylidene difluoride membrane. After blocking in 5% non-fat milk for 30 min at room temperature, the membranes were incubated overnight with primary polyclonal rabbit anti-Hoxc13 (1:100, Abcam) at 4 C followed by incubation with secondary antibody (1:6000 titer for goat anti-rabbit IgG, R&D, USA) for 1 h at room temperature. Hoxc13 proteins were detected using a Supersignal West PicoTrial Enhanced Chemiluminescence Kit (Thermo). Tubulin was used as loading control. 
Hematoxylin-eosin (H&E) staining and immunohistochemistry
Skin and tongue tissues obtained from dead cloned piglets and wild-type piglets of the same age were prefixed with 4% paraformaldehyde for 48 h, dehydrated in a series of alcohol concentrations, transferred into xylene, and embedded in paraffin. Sections (5 mm) were cut from each tissue, H&E staining was performed, and the sections were dehydrated and sealed with a cover slip. For immunohistochemistry, the sections were stained with antibodies against Hoxc13 and detected with DAB staining. Micrographs were obtained using a Zeiss microscope (Axiovert 200 MOT).
CLSM
Hoxc13 knockout piglets and wild type control were anaesthetized with 1% propofone and laid in a lateral decubitus position. The morphological features of skin and hair follicles were examined, and photos were obtained using CLSM (Vivascope 1500) in accordance with the manufacturer's protocol.
X-ray absorptiometry
Hoxc13 knockout piglets and wild-type piglets of the same age were anaesthetized with 1% propofone, and their skeletal phenotypes were examined through dual-energy X-ray absorptiometry (DXA) by using a Hologic Discovery A model machine. Anaesthetized piglets were positioned in a lateral decubitus position on a DXA table for whole-body scans in accordance with the manufacturer's protocol.
Body mass of piglets
The body mass of Hoxc13 knockout piglets was determined at birth, and wild-type piglets of the same age were used as control. Body mass was monitored weekly until the piglets turned 2 months old.
Off-target analysis of cloned piglets
Off-target cleavage sites were predicted and searched as previously described (23, 24) . In brief, sites with over 14 bp that matched to the 19 bp sequence of sgRNA and NGG (PAM, 3 bp) in the pig genome were predicted as OTS. All of the potential OTSs were amplified through PCR, and the products were sequenced to confirm whether off-targets exist. Supplementary Material, Table S2 shows the primers used to amplify the candidate OTSs.
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Supplementary Material is available at HMG online.
